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ABSTRACT 
This study is an attempt to investigate the feasibility of 
numerical control equipment at 'medium' production levels, in an 
environment geared toward a 'labor intensive' type of production and, 
therefore, precluding any consideration for such equipment.  Through a 
case study, a family of six parts was analyzed using a conventional 
machine tool setup as well as a numerical control machine tool alter- 
native.  Two cases were hypothesized so that the cost analysis could 
be done within the total manufacturing plan of the firm. 
In the case where the conventional machine tools required to process 
the parts blended well with the total manufacturing plan, it was 
observed that the relatively high batch sizes at medium production and 
the low labor rates tend to make N/C machines an economically unfeasible 
alternative in this environment. 
On the other hand, should the total manufacturing plan be such that 
conventional machine tools are purchased for the sole purpose of 
processing these parts, then this preliminary study shows enough 
incentive for the maintenance problem inherent to N/C to be addressed 
seriously and this new technology turned into a viable alternative in 
the environment considered.  The study also helped initiate a revision 
of the specifications of a key machine tool used in the conventional 
processing of these parts. 
CHAPTER I:  INTRODUCTION 
1-1  DEFINITION OF NUMERICAL CONTROL 
1-2  BASIC STEPS OF N/C PART PROCESSING 
1-3 HISTORICAL DEVELOPMENT OF N/C 
1-4 N/C: WHERE DOES IT FIT? 
1-4-1 A low production tool in an integrated system 
1-4-2 Part of a flexible manufacturing system 
1-4-3 N/C for volume production 
1-5 PURPOSE OF THE STUDY 
1-1 DEFINITION OF NUMERICAL CONTROL 
Numerical control, also referred to as N/C, is a form of auto- 
mation, but not the kind of automation by which thousands of identical 
parts, such as crankshafts for automobiles or electric light bulbs, are 
produced automatically by special machines.  It is rather the kind 
that is applied to conventional machine tools, such as lathes, mills, 
drills, punch presses...  In fact, the definitions offered for this 
technology are as varied as its users. 
a) ""Numerical control is a technique for controlling machine 
tools, equipment, or processes." 
b) "Numerical control is a system of control of productive 
2 
equipment by instructions precoded in symbolic form." 
c) "Numerical control is a process accomplished with 'stored 
knowledge' which is unaltered by human intervention after 
3 
implementation." 
Howe, R. E., "Introduction to Numerical Control in Manufacturing", 
ASTME (1969), Dearborn, Michigan, p. 1. 
2 
Harrington, J., Jr., "Computer Integrated Manufacturing", New York: 
Industrial Press, Inc., 1973, p. 61. 
3X 
Olesten, N. 0., "Numerical Control", New York:  John Wiley & Sons, 
Inc., 1970, p. 2. 
d) "Numerical control is the operation of machine tools (and 
certain other processing machines) by a series of coded 
instructions, which are comprised largely of numbers and 
other symbols, including letters of the alphabet, the comma, 
<£—- 
4 
dash, dollar sign, asterisk and ampersand." 
e) "Numerical control is an extremely versatile means of auto- 
matically operating machines through the use of discrete 
numerical values introduced to the machine by some form of 
stored input medium such as a punched or magnetized tape." 
Probably the most universally accepted definition of numerical 
control is that offered by the Electronics Industries Association 
which defines it as "A system in which actions are controlled by the 
direct insertion of numerical data at some point. The system must 
2 
automatically interpret at least some portion of this data." 
From these definitions, it can be seen that the difference 
between the usual type of machine tool and a numerically controlled 
machine tool is that for a conventional machine tool the motions are 
controlled by the operator, generally using handwheels, whereas for a 
numerically controlled machine tool they are controlled by an elec- 
tronic circuit receiving coded instructions. Numerical control is, 
therefore, a new concept of machine control. 
4 
Modern Machine Shop 1974: "N/C Guidebook and Directory Issue", 
Modern Machine Shop, November 1973, p. 24. 
Childs, J. J., "Principles of Numerical Control", New York:  Indus- 
trial Press, Inc., 1969, p. 1. 
1-2  BASIC STEPS OF N/C PART PROCESSING 
As in the case of a conventional machine tool, a product to be 
manufactured on a numerically controlled machine tool has its origin 
in the drawing room. On the part print, the part origin, material, 
strength requirements, dimensions, surface finish and tolerances are 
specified.  The part programmer, a new function in N/C manufacturing, 
analyzes the part print and first determines the N/C cutting path or 
coordinate drawing.  Then, making use of machinability data and his 
own experience, the part programmer develops a process (manufacturing 
sequence) plan which is recorded on a manuscript. A program can then 
be developed either manually or with the assistance of a computer. A 
control medium or tape is produced from the program and it will carry 
the instructions to the machine-tool.  Actually, the machine-tools 
cannot read coded instructions.  This function is performed by the 
tape reader which is part of the machine control unit (MCU). The MCU 
has the function of sending the appropriate signals to the machine 
tools for execution.  See Fig. 1.2.1 for an illustration of the steps 
invo lved. 
1-3 HISTORICAL DEVELOPMENT OF N/C 
Although information coded on cards was utilized by J. M. 
Jacquard in the early nineteenth century to direct a knitting and 
weaving machine, not until 1949 was the use of digitally coded infor- 
mation applied in a control system on a metal working machine-tool. At 
that time, a Michigan industrialist, John Parsons, conceived that 
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computer and servomechanism technologies could be combined to direct 
a metal working machine tool.  Through this technique, he sought to 
increase the number of axes of machine tool motions which could be 
controlled simultaneously, thereby making it possible to machine 
helicopter and aircraft parts which were previously uneconomical to 
manufacture. Parsons proposed his initial design concepts to the Air 
Force, and in 1949 a development contract was awarded to the Parsons 
Co.  Shortly thereafter, the servomechanisms laboratory of the Massa- 
chusetts Institute of Technology was engaged as a subcontractor.  By 
1952, MIT had successfully modified a 28-inch Hydrotel milling machine. 
Subsequently, the Air Force ordered 105 numerically controlled machine 
tools for use in aircraft and missile contractor plants. By 1958 most 
of the air force machines were operating, and an additional 78 units 
had been sold.  Subsequent developments, after the 1952 MIT demonstra- 
tions, were very rapid.  1956 saw the development of a point-to-point 
position control N/C machine-tool, and automatic tool changing capa- 
bility was commercially introduced in 1958.  A major economic break- 
through happened in October 1961 when Pratt and Whitney introduced a 
drilling machine with tape controlled table for a "low price" compared 
to other N/C equipment. 
On the other hand, Software was being developed too. Software 
development started shortly after MIT manually prepared control tapes 
for the first milling machine.  Ref. [1] provides a history of hardware 
and software development for numerically controlled machine-tools. At 
the present day, numerical control has been adapted to a whole variety 
of processing equipment and more sophistication has been introduced 
with the advent of Computer Numerical Control (CNC).  Direct Numerical 
Control (DNC) and adaptive control. 
1-4 N/C; WHERE DOES IT FIT? 
It was seen that N/C development came about because of the need 
to solve a difficult problem:  the machining of complicated parts which 
manual control could not tackle. Since then, the merits attributed to 
N/C equipment have grown into a very long list comprising such items 
as: ability to machine complicated parts, high versatility, reduction 
of nonproductive time, reduction of manufacturing lead time, reduction 
of inventory costs, high repeatability and many more. Keeping in mind 
the very high capital cost involved with the use of N/C equipment, the 
questions that arise deal with the following: Who should use it? 
Under what conditions?  It seems that there is no unique answer to 
these questions, but rather three broad areas of application emerge. 
1-4-1 A Low Production Tool in an Integrated System 
a) Low production volume 
By low production volume, it is generally meant a situation where 
the quantity of parts requires is low and variability very high. This 
situation seems to be an ideal one since the low setup time associated 
with N/C machines (as compared with conventional machines) can be ex- 
ploited to the maximum by producing a small quantity of a very large 
variety of parts. N/C cannot beat a multispindle head for drilling a 
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multiplicity of holes in a high volume part. Nor can an N/C be 
justified for running lots of about 4000 parts, therefore satisfying 
the criteria of high utilization, when there exists an idle non-N/C 
machine in the shop that could handle the job just as well. 
Assuming that the low volume, high variability situation exists, 
then the next requirement for N/C is that it be part of an integrated 
system. 
b) The need for an integrated system 
It seems that it is only by completely changing the environment 
and building a new organization around the concept of N/C that its real 
potential can be exploited.  The short lead time and machining time are 
frequently cited as giving a reduction in work in progress and inven- 
tory, but what practical use can be made of this if the majority of the 
components which go to make up a finished machine have a 100-day manu- 
facturing cycle, and only the small minority is made on one or two 
overworked N/C machines? Clearly the N/C components will sit on a 
shelf in the stores for an average of 50 days. No great breakthrough 
here.  To integrate N/C into a total system seems to imply some major 
changes in all aspects of manufacturing. 
- Production control must change because it must keep the machine 
running all the time. And it cannot treat N/C the way it has treated 
ordinary equipment for the last decade. The shift here is from a 
$10,000 man and an $18,000 machine to a $10,000 man and a $300,000 
machine. At this point, the machine becomes far more important than 
direct labor. 
- Inventory control must change because the setup time is changing, 
the economic lot size is changing and so on. 
- Purchasing must change because the need arises for the use of 
qualified parts.  If qualified parts are not used, the cutter will 
probably engage one side and completely miss the other. 
- Communications between manufacturing and finance must be 
improved.  A standard machine justification form is primarily con- 
cerned with savings in direct labor.  This isn't the case for N/C. 
The form has also a place for material savings, but N/C doesn't 
generally result in material savings. Nor does the form make pro- 
vision for the indirect savings that accrue from reduced handling, 
reduced inspection ... because these items often cannot be assigned 
dollar values.  This situation makes it often impossible to make a 
case for N/C. ■ 
From these considerations, it can be seen that this area of 
application points towards a job shop type of operation where the 
system has to be shifted towards the concept of N/C. 
1-4-2 Part of a Flexible Manufacturing System 
Leaving the particular area of job shop type of operation, the 
next type of operation is usually characterized as a "medium" type 
of production. Although the term "medium" is rather vague, it is 
usually meant to refer to an area situated between the job shop type 
of production (high variety, low volume) and mass production (low 
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variety, high volume).  A "medium" type of production has always been 
associated with the use of conventional multipurpose machines flanked 
by some dedicated machine tools. However, a school of thought is 
developing which holds the view that what is needed is a new concept 
in machining systems, one which can be operated economically in the 
neglected area between the low volume capability of tool changing N/C 
equipment and the high volume capability of fixed mission transfer 
line.  Such a system would combine the flexibility of N/C machining 
centers with the lot reducing capability of mass production transfer 
line.  It should be able to process a variable product mix, with 
minimum delays for setup changes and dulled tool replacements.  So 
the intention here is to make use of N/C in combination with manual 
units in a small machine group or work center, where the parts would 
be able to flow in a similar manner as in a transfer line. 
1-4-3 N/C for volume Production 
Although this case represents a complete departure from the 
traditional concept of N/C, its justification can be dictated by 
extremely adverse machining conditions and the need to insure a high 
degree of repetitive accuracy on a round the clock basis, without 
highly skilled operators.  Such was the experience reported by the 
Xerox Corporation when faced with launching a new product design and 
a new plant. Manufacturing engineering was faced with a unique set 
of problems, mainly how to get into production of the new product 
without having to wait for installation of machining and parts- 
handling equipment.  Compounding the problem was the configuration 
11 
of a major component. The part required milling of pads on seven 
sides, several of which could not be accessed by conventional milling. 
Precision too was critical in that the housing was one of a family of 
5 making parts.  All three factors forecluded consideration of con- 
ventional millers.  So departing from the traditional concept that 
relegates N/C equipment to short run multipart production, Xerox 
engineers explored the possibility of utilizing a machining center 
for the single-purpose production of the housing.  The experience 
was reported to have been very successful with the capabilities of 
the machining center eliminating such problems as multiple handling 
and machining of difficult to reach planes. 
1-5 PURPOSE OF THE STUDY 
The purpose of the study is an attempt to investigate the 
feasibility of Numerical Control equipment at "medium" production 
level, in an Algerian environment.  This area of study was selected 
following a suggestion by INGERSOLL-RAND Construction Services, Inc., 
who are in the process of setting up a plant in Algeria.  The plant 
is designed to provide the Algerian market with a line of portable 
compressors and compactors.  In accordance with Algerian wishes, a 
strictly conventional setup was adopted by Ingersoll-Rand, precluding 
N/C equipment of any type for the following reasons: 
- The inherent problems associated with numerical control equip- 
ment maintenance.  Going N/C would mean a new and difficult 
program of maintenance training. 
12 
- The choice towards a "labor intensive" production since the 
objectives are not only to satisfy the Algerian market in terms 
of mechanical equipment but to try and provide a high level of 
employment. 
It was decided to select a sample of parts whose characteristics would 
suggest the use of N/C equipment and evaluate the following: 
- Determine a Numerical Control alternative to the planned 
conventional setup. 
- Estimate processing times to compare the two. 
- Take a projection in time and assume that the conventional setup 
has reached its useful life. The N/C alternative can then be 
evaluated as possible replacement, taking into account the 
Algerian environment described above. 
So by a case study, it is hoped to evaluate whether the antici- 
pated maintenance problem and the "labor intensive" production are 
enough to preclude any consideration of N/C equipment. 
13 
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II-1  PRODUCTS EXAMINED 
As stated earlier, the plant is being designed to produce a line 
of portable compressors and compactors.  Since part designs for the 
compactors were not available at the time of the study, only the 
compressors were looked at.  These compressors are of the vane type 
and come in six different models, the difference being in compressed 
air capacity, double or single stage compression, portable or station- 
ary type.  The two basic elements of the compressor are the air end 
(where the air compression occurs) and the driving engine.  The driving 
engine not being manufactured in-house, the study was further restricted 
to the air end which accounts for the vast majority of the machining 
to be done.  Figure II-1 illustrates a typical air end. Having defined 
the area of study, a sample of parts which could be suitable for 
Numerical Control processing had to be found.  This was done according 
to the following procedure. 
II-2 PROCEDURE ADOPTED 
II-2-1 Part Family Determination 
The nature of the products to be manufactured, i.e. a line of six 
different compressors of the vane type, already suggests the existence 
of families of parts, with each family containing at least 5 parts 
since the principle of the different compressors is the same.  The 
search for these families was based on a procedure described by 
o 
HERWART OPITZ and is as follows:  The production program may be 
divided into different products A, B, C ..,, and these products into 
15 
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Figure  II.1:     Typical air end, 
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subassetnblies A.. ... A , the subassemblies corresponding to the indi- 
vidual parts. 
The first step of forming a part family is restricted to one 
assembly only.  In this case, all parts have the same time schedule. 
In the second step, the similar parts of all subassemblies of a product 
are combined.  Finally, in the third step, all parts of the whole 
manufacturing program are used to form part families. This procedure 
seemed to be ideal since exploded views of the air ends were available. 
These exploded views clearly separate the subassemblies within the air 
end, give a fair picture of part geometry and size, and thus permit 
the elimination of a large number of parts off hand.  Figure II-2 
illustrates the steps in the procedure and Fig. II-3 shows a typical 
exploded view of an air end. 
II-2-2 Type of Parts 
In view of the time available to analyze part prints and the fact 
that Ingersoll-Rand, Inc. is located in North Carolina, a further 
restriction had to be imposed on the type of parts.  It was decided to 
look at two distinct categories: 
a) Rotational parts 
b) Box-like castings. 
Category a) was further subdivided into two sections. 
- 1 < length/diameter < x 
length/diameter < 1 
17 
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This restriction means that the types of Numerical Control machines 
that could be considered are: 
- an N/C lathe for shaft turning 
- an N/C chucker 
- a machining center. 
II-2 3 Criteria for N/C Consideration 
Since the sampling of parts was intended to provide parts that 
-      \ 
would be likely candidates for numerical control processing, some 
characteristics of numerical control suitability had to be kept in 
mind when reviewing the parts.  Judgement for retention of a part was 
based on the following points: 
- part complexity:  of course, this is what N/C can tackle best. 
Indicators of part complexity may be given by: 
--^jtj^thematically defined surfaces 
- inaccessibility of planes 
- the presence of complicated fixtures in the conventional setup 
- the presence of templates in the conventional setup. 
- parts requiring multiple operations; This information can be 
retrieved from the route sheets of the conventional setup. At least 
two machines should be involved, for consideration. 
- parts having a high value; A fair indication of this can be 
the origin of the part.  In the case of the Algerian environment, 
20 
castings and forgings will have to come from outside suppliers 
compared to parts made from locally produced stock.  This can be an 
indication of the relative value of the raw material, based on the 
ease of acquisition. 
- parts requiring complicated jigs and fixtures;  This onformation 
can be retrieved from the route sheet of the conventional setup. 
II-3 FAMILIES DETERMINED 
Going through part prints and route sheets according to the 
previously described procecure resulted in three distinct families 
of parts that may be likely candidates for N/C processing.  These 
three families are reviewed below. 
II-3-1 Rotors 
These are rotational parts whose principal characteristic is 
1 < L/D < 4.  The family comprises 6 rotors, all of them can be 
derived from a single complex part made of the geometric elements 
shown in Fig. II-4.  The reasons for their eventual suitability for 
numerical control processing were: 
- Their external geometry is such that a template is needed to 
process them efficiently.  Therefore, a tracer lathe is necessary. 
- The nature of turning operations to be performed on these 
rotors imposes the use of four different conventional machine tools, 
21 
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- They are to be processed in lots of 100 parts which is still 
within the theoretical range of Numerical Control. 
II-3-2 Small L/D Rotational Parts 
These are generally flanged type parts whose characteristic is 
L/D < 1.  All of them could be described by the additional features: 
- Through hole 
- Stepped internal diameters 
- Form elements on the outside 
- Indexed axial holes. 
Although all part prints were not available for inspection, three 
basic designs were found, each of them coming in either three or four 
different sizes with minor design changes.  The amount of internal 
and external work to be done on these parts requires some degree of 
automation in the machine tool for efficiency, and, therefore, a very 
lengthy setup time.  Figure II-5 illustrates the three basic designs 
encountered. 
II-3-3 Box-like Castings 
These are box-like castings that could all fit within a 15 in x 
12 in x 9 in envelope.  This family comprises six parts, very similar 
in design and relatively different in size.  These parts seem to be 
particularly suited for processing on a numerical control machining 
center because of the following: 
23 
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- A complex part geometry. 
- Machining occurs on four different planes. 
- At least four different conventional machines are required for 
milling, turning, boring, drilling and tapping. 
- Special fixtures are needed, not only for each machine, but 
also for each operation. 
- Setup times are likely to be high. 
- The casting is valuable. 
- Right skill is needed. 
- Long manufacturing lead time in a conventional setup. 
Figure II-6 illustrates a typical part of this family. 
II-4 CASE STUDY 
II-4-1 Selection of the Case Study 
The resulting families were then analyzed to determine which one 
of them, if any, was suitable for investigation.  Keeping in mind 
that it is intended to compare and evaluate the introduction of N/C 
equipment as an alternative to the conventional equipment to be used 
in the future plant, it is clear that a rational estimate of the 
processing time associated with each part for each method had to be 
made.  This requirement precluded consideration of the two families 
comprising the small L/D rotational parts and the box-like castings 
for the following reasons: 
25 
Figure II.6 Example of a 'box-like' casting 
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- Not all part prints were available. 
- Machine requirements for the conventional setup were not 
finalized. 
- No standard data was available. 
- Short of an actual time study, estimates of the numerical 
control processing time for these parts (and particularly the 
box-like castings) without the use of a sophisticated computer 
program is a difficult task. 
On the other hand, the family of rotors presented the following 
characteristics: 
- All part prints were available. 
- Machine requirements and machine specifications for the 
conventional setup were known. 
- Part routing and detailed operation sheets of the manufacturing 
plan were available. 
- Typical standard data covering the operations of the type of 
machines selected as well as handling of the parts was available, 
- Estimates of operation time on an N/C turning center can be 
made manually since: 
- basically point-to-point cutting involved. 
- reasonable assumptions concerning tool indexing time and 
machine rapid traverse capability can be made. 
- standard data for part handling is available. 
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Apart from this, manufacturing of the rotors calls for the use 
of a hydraulic tracer lathe, using templates to reproduce a defined 
profile, and this represents a concept in machining for which 
numerically controlled equipment is the obvious challenger or alter- 
native. 
II-4-2 Production Requirements 
Anticipated demand for the components included in the family 
considered is as follows: 
Part #    Parts/yr   Anticipated Batch Size   # setups/yr 
100 5 
100 5 
100 10 
100 10 
100 5 
100 5 
Demand for these parts is assumed to remain constant over a long 
horizon. 
II-4-3 Conventional Setup 
The operations and machine tools to be considered here do not 
constitute the totality of the rotors manufacturing plan. The 
processing plan calls for milling and grinding operations to be 
performed after the turning operations. The case study deals with 
the turning and related operations (drilling, boring ...) which are 
the first to be performed on the rotors. Part geometry and size 
differences impose the use of four distinct machine tools for the 
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D(103) L.P 500 
D(71)  L.P 500 
D(45) 1000 
D(24) 1000 
D(103) H.P 500 
D(71) H.P 500 
processing of the rotors.  Figure II-7 illustrates the machine require- 
ments and the sequence of workpiece travel through these machine tools. 
a) Tracer lathe: 
The geometry of the rotors presents two main problems: 
- The occurrence of a tapered length in two of the workpieces 
(D(103 L.P, D(71) L.P). 
- The occurrence of a number of stepped diameters on both sides 
of the rotor body, in all the workpieces. 
A fast method to produce a taper on a workpiece is by the use of a 
template and this is the main justification of the tracer lathe. An 
efficient way to produce a number of stepped diameters accurately, and 
with a high degree of repeatability, is also achieved by a template. 
These two workpiece characteristics make the choice of a tracer lathe 
an obvious one if N/C equipment is not to be considered.  The tracer 
lathe to be used has an automatic cycle and is capable of taking a 
maximum of seven passes using two independent slides.  A third slide 
is available for such operations as facing or chamfering. Work is 
held between centers and depending on workpiece geometry and amount of 
stock to be removed, two or three distinct operations are needed to 
produce the outside contour of the rotors. 
b) The #5 Turret Lathe; 
All but one of the rotors require some internal work (drilling, 
boring ...) to be done after the outside profile has been machined. 
Some additional outside work (such as grooving) that cannot be handled 
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by the Tracer lathe is required on some of them.  The #5 turret lathe 
is present in the setup for this purpose.  It can accommodate three out 
of the five rotors that need internal and additional external machining. 
Machining on this machine is done on both ends, in two operations. 
c) The #3 turret lathe: 
This machine is present in the setup for the same purpose as the 
#5 turret lathe.  It is used to machine two oversize rotors, mainly 
the D(103) L.P and D(71) L.P that cannot be accommodated on the smaller 
#5 turret lathe. Machining is done on both ends, in two operations. 
d) The gun drill: 
Two of the parts, mainly the D(103) H.P and D(71) H.P rotors, 
require the machining of a through hole after they come off the tracer 
lathe. The length of the hole and its diameter make it more appropriate 
to be produced in one operation on a gun drill rather than in two 
operations on the #5 turret lathe. 
II-4-4 The N/C Alternative 
It can be seen that for the turning and related operations needed 
to produce the geometry of the different rotors included in this   v- 
particular family of parts, the conventional setup calls for four 
different machines. Except for the gun drill, whose operation can 
be performed in a less efficient way on one of the turret lathes, the 
three remaining machines included in the setup are absolutely necessary 
for the production of the rotors. Without going into detail at this 
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stage on the capability of these machines, the following observations 
can be made about this setup: 
- A minimum of four distinct operations are needed for those 
parts which require processing on two machines. 
- A minimum of five distinct operations are needed for those 
parts which require processing on through machines. 
- The number of operations results in an equivalent number of 
setups for each batch. 
- The result of the above points is a long manufacturing lead 
time. 
- Should the different machines be justified solely for the 
manufacture of the rotors, then their number will result in a 
high capital investment. 
- Accuracy and repeatability are mostly dependent on human skill. 
This is true for the turret lathe operations and to a lesser 
degree for the tracer lathe operations. 
In view of the above points, a numerical control turning center is the 
logcial alternative to this setup because of the versatility it offers, 
Ideally, such a machine would have the following characteristics to 
minimize the problems encountered with the conventional setup. 
- Its size and power (to be defined later) should be adequate to 
handle the whole family of parts. 
- It should not be restricted to the machining of the profile, 
but rather should offer the capability of working on the 
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outside geometry as well as the inside.  The implications here 
are a separate cross slide for outside turning and contouring as 
well as a turret for internal machining.  In this way, the 
machine is a competitor to the contouring ability of the tracer 
lathe and the internal work ability of the gun drill and turret 
lathes. 
Compared to the conventional setup, such a machine should theore- 
tically result in the following advantages: 
- The replacement of 
have to be weighed 
four machines by a single one. This will 
within the total manufacturing plan as far 
as production requirements and labor conditions are concerned. 
- A minimization of distinct operations to be performed on the 
rotors. The N/C machine should be able to handle every rotor 
in basically two operations. 
- A minimization of setup time required. 
- A shorter manufacturing lead time as a result of the above 
points. 
- Accuracy and repeatability will not be dependent on human skill 
because of the inherent ability of the N/C equipment to produce 
a good part once a good tape has been obtained. 
There are only a few points that theoretically present numerical 
control equipment as an attractive alternative to the present setup. 
An ultimate decision as to the suitability of a numerical control turn- 
ing center can only be attained after generating some machining data 
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so that an economic analysis can be carried out in the environment 
considered.  For each method, the data that needs to be generated to 
arrive at a comparison is of two kinds: 
- Estimates of production times for each method. 
- Estimates of costs associated with each method. 
The method and assumptions used to generate these data are the subject 
of the following chapters. 
34 
CHAPTER  III     ESTIMATING MACHINING TIMES 
III-l     The Problems 
III-2    Treatment of N/L Time 
a) Machine-controlled time 
b) Handling time 
c) Setup time 
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b) Turret lathe operations 
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III-l The Problems 
When carrying out an evaluation of the merits of processing a 
sample of parts on conventional machines versus numerical control 
equipment, a manufacturing engineer in a plant would have the follow- 
ing at his disposition: 
- The ability to obtain accurate processing times by using 
existing data or taking time studies on the jobs as they are 
r\n on the conventional equipment. 
- For the N/C alternative, the following are open to him: 
- If equipment similar to the one contemplated for the 
sample of parts under study exists, then a trial run 
can be made and processing times evaluated in-house. 
- If equipment is not available, machine tool builders 
usually can provide this information, at a fee, to pros- 
pective buyers. The sample can then be sent for a trial 
run and the information obtained. 
In this study, neither of the alternatives mentioned above is available. 
The information available for the rotor manufacture consists of 
- part prints 
- a tentative outline of the sequence of operations in the case of 
the conventional equipment. 
- standard data covering the turret lathes used 
- standard data covering the handling of equivalent workpieces. 
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It was, therefore, decided to: 
- devise a process plan for the machining of the rotors by both 
methods 
- assume some starting cutting conditions from available data 
- use cutting time equations and the available standard data to 
arrive at an estimate of processing time for each part con- 
sidered. 
It is thus clear that the aim is not to arrive at a precise time 
estimate, but rather to have a rough estimate of the ratio of conven- 
tional time to N/C time for the purposes of comparison. 
The shortcuts with this procedure are the following: 
- There can be no assurance that the process plan devised is 
completely adequate.  In real life, flaws in the process plan 
are often discovered when the workpiece is being processed, and 
changes implemented. 
- Nor can there be any assurance that the process plan is an 
optimum one and reflects the true capability of the equipment 
being considered. 
- Actual times will be somewhat different because of operator 
performance and allowances for personal time and fatigue, 
allowances on which an estimate cannot be made at this stage 
of the project. 
However, it is felt that a careful and consistent procedure of time 
estimating should provide a fair idea of the ratio of conventional 
versus numerical control time. 
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III-2 Treatment of N/C Time 
Determining the processing time of the rotors on an N/C turning 
center can be done without too many assumptions since all the machining 
time is machine controlled. For a typical turning operation to be 
performed under the setup shown in Fig. III-l, a generalized equation 
for the operation time per piece is given by: 
/iiijure ill.   1 
J o 
L 
-ih£ 
where t 
m 
m 
T -St + tT + -^ o     m   L   Q 
DCH-e) +SR+ t +   DLtd 3.82 f.v  ^r + ci ^ 3.82 f«vT 
L t 
3.82 f.v  Lr + ci   J 
(1) 
For turning. 
Drilling or reaming, 
t    D(I^-e)    R       UL fcd fc
m  3.82 f-v +Zr + fci +  JD K 
m   1.91 v    r   i   i\ 
Chamfering. 
Tapping. 
Looking at the generalized time equation (1), it can be seen that 
there are basically three types of time elements being considered. 
-A 
These are: 
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- Machine controlled time (t ) 
m 
- Loading and unloading time, i.e. handling time (t_) 
Li 
- Setup time per piece (t /Q). 
a) Machine controlled time 
For a typical turning operation, the quantity referred to by 
'machine controlled time1 is given by: 
(a)    (b) DL^t 
t .^L±eJ_ + sR+t  .   ~-d 
m  3.82 f-v    r   i  3.82 f»v«T 
The quantities expressed in the above equation represent feed time, the 
sum of rapid traverse time, tool indexing time and the time to change a 
dull cutter respectively. 
- Feed time (a) is obtained by the metal that has to be removed to 
achieve the required geometry and by the selected cutting 
conditions. 
- The total rapid traverse time (b) can be obtained by first 
calculating from the machining setup the total travel the tool 
is going to make in two definite motions: 
- its positioning motion before a cut is started. 
- its return motion after a cut is finished. 
When the total travel is determined, than an assumption has to 
be made about the rapid traverse capability of the machine tool. 
A literature survey (9) showed that a value of r - 200 inch/min 
is within the capability of typical numerical control equipment. 
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- Tool indexing time (t ) is the time to index from one type cutter 
to another between operations.  A value of t. ■ .1 min was found 
to be typical of N/C capability and assumed here. 
- The last time element (t,) refers to tool replacement.  Since 
the same amount of metal is going to be removed under both the 
N/C method and the conventional setup, and since both setups 
offer the same range of cutting conditions, it is assumed that 
the tool changing time will average out between the two methods. 
In any case, since the cutting conditions will represent 
"starting" conditions (as will be seen later), it is very hard 
to make an assumption on tool life values. 
So in the subsequent time determination, machine controlled time 
is restricted to three elements:  i.e. 
1 
m  3.82 f»v    r   i 
b) Handling time (t ) 
Li 
By handling time, it is referred to the activities of loading and 
unloading of the workpiece.  In the family of rotors considered here, 
the main variable affecting this time is the weight of the workpiece. 
The weight range in this case is from 60 lb to > 200 lb.  The way the 
weight affects the time value for this task is that above a weight 
value (agreed upon from on ergonomics and union point of view) a crane 
has to be used for the loading and unloading. A regression analysis 
was carried out by Ingersoll-Rand on data obtained on a range of rotors 
at their Roanbke, Virginia plant. The result was a table of standard 
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data covering this activity for a range of parts to be machined on 
turning equipment.  The standard data is shown in exhibit (I).  There 
is no basis for assuming the suitability of data obtained in a different 
environment to the one being considered. However, it was felt that for 
the type of time estimates sought in this study, this data represents 
as best an estimate as can be obtained, short of carrying an actual 
time study.  So use is made of exhibit (I) for the estimate of handling 
time. 
c) Setup time 
Setup time is defined as the time required to set up or prepare 
the machine tool for all the operations due to take place. On a 
typical manually operated machine tool, this task would start by the 
gathering of all the tooling required for the operations.  Then the 
operator would proceed towards a trial operation which enables him to 
set the machine parameters and adjust the tools to obtain the required 
workpiece geometry, the dimensions and finish specified on the part 
print. 
It is obvious that this time element will be dependent on two main 
parameters: 
- The complexity of the part to be produced. 
- The skill of the setup man or operator. 
Short of a time study that would require a detailed study of the 
breakdown of the setup procedure for every part and the availability of 
a trained operator, an estimate of this setup time can only be obtained 
by relying on the experience of practicing manufacturing engineers.  So 
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an average value for each machine type used was supplied by Ingersoll- 
Rand's engineers from their own experience and from standard data used 
in their plants.  The effect of a possible error in these estimates 
does not seem to affect the resultant machining time per piece a great 
deal, because of the following: Assume a + 10% error can be made on a 
setup time of 6 hr required on a manual turret lathe. The resulting 
error is: +.6hr. As the anticipated batch size is Q ■ 100, the 
result of this error or the processing time per piece is: 
, (.6x60)   .,  . 
+  -inn      "   «36 min 
which is well within the estimates that are sought in this study. 
Ill-3 Treatment of Conventional Time 
The treatment of the time per piece associated with the conven- 
tional setup will be different depending on whether the tracer lathe 
or the turret lathe are under consideration. 
a) Tracer lathe operations 
The tracer lathe to be used in the setup enables the machining 
of an external profile, fixed by the geometry of the template used. 
The amount of material that can be removed in a given cycle is limited 
by the following: 
- The maximum number of passes allowed;  in this case, two inde- 
pendent slides are available for cutting, resulting in a 
maximum of 6 passes. 
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- The horsepower available at the spindle:  In this case, 40 hp are 
available at the motor.  Thus, it is assumed that 80% will result 
at the spindle.  This value puts an upper limit on the cutting 
parameters expressed by the feed, speed and depth of cut. 
Within these limitations, any cycle for a given template is machine 
controlled and thus can be called 'automatic1.  Processing time per 
distinct operation becomes similar in structure to that encountered in 
the numerical control case.  It will thus comprise three distinct 
elements: 
- machine controlled time given by:  t - - ^q J    + £ — + t. 
m  3.82 f»v    r   i 
- handling time t_ 
- setup time per piece t /Q 
b) The turret lathe operations 
The treatment of the turret lathe is different from the previous 
N/C turning center and automatic tracer lathe essentially because it 
is a manual machine. The distinction of the different time elements 
for these machine tools was done as follows: 
- Setup time T 
- Handling time T_ 
D ( L4-e") R 
- Feed time        f ■ 3 g2 J    + S ~  for typical turning 
- Machine manipulation time. 
Determination of setup time and handling time is identical to the 
procedure used for the N/C and tracer lathes. Feed time can be 
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calculated from the cutting conditions according to the machining 
operations to be performed. Machine manipulation time is typical of 
the operation of a manual machine.  This time accounts for such tasks 
as:  start or stop; change speed; index turret; lock and unlock 
carriage ... that will have to be performed before, while or after a 
cut is taken.  Exhibit (II) lists all possible tasks that could be 
performed on the #3A turret lathe and the #5 turret lathe.  Exhibit (II) 
also provides standard data covering these particular machines.  So 
use is made of this standard data for the determination of the machine 
manipulation time, in the following manner:  For each cut occurring in 
a particular operation, the list of machine manipulation tasks is 
reviewed and specific elements which apply are noted.  Cuts are taken 
one at a time in the logical sequence determined in the process route. 
When the whole operation is covered, the number of occurrences of each 
machine manipulation element is determined and the corresponding 
standard time is used to evaluate the time involved. 
III-4 Approach to Cutting Conditions 
With regard to the profitability of any machining operation, there 
is hardly anything more significant than establishing the operating 
conditions (depth of cut, feed rate, and surface footage). This is true 
because the operating conditions control both the tool life and the 
metal removal rate. When 'normal' operating conditions are changed to 
increase the metal removal rate, tool life almost always decreases. 
When these conditions are altered to reduce the metal removal rate, 
tool life almost always increases.  Thus, a question arises concerning 
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The procedure is best illustrated by the table below. 
MACHINE   «,   M       M „     # OF     STANDARD 
MANIPULATION 01  02  03 N OCCURRENCES   TIME 
start or stop x 
change feed   x 
splash guard  x 
on/off 
x 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
x] 
X, 
xiYi 
X1Y1 
xiYi 
MACHINE MANIPULATION TIME - £ X Y 
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the nature of the metal removal rate/tool life combination that should 
be used for a particular operation.  The answer to this question 
involves analyzing an intricate multidimensional matrix of burden 
rates, production rates, tool costs, machine condition, part configura- 
tion, fixturing, work material, tool material and tool changing time. 
Since the problem is multidimensional, it can be said that no single 
set of optimum operating conditions exists.  Rather, there exists a 
range of economically justifiable metal removal rates which will vary 
depending upon the machine burden rate, the work material and the tool 
cost. 
In this study, it is only desired to determine cutting conditions 
that would be representative of an acceptable starting point, for both 
methods of manufacturing considered.  Since the comparison is between 
two methods and the aim is to evaluate the ratio of cutting time, any 
improvement in cutting conditions would affect both methods equally and 
leave the basic ratio of cutting time unaffected. 
A good starting point for the cutting conditions (feeds and speeds) 
in this application can be obtained from the wealth of data contained 
in the Maching Data Handbook.   It is clear that the recommendations 
for cutting conditions and other parameters presented in this reference 
are nominal recommendations and are considered only as good starting 
points. The speeds and feeds for the various operations, based on the 
data obtained from the many sources used to compile the Handbook, 
represent a tool life of approximately one to two hours of cutting time 
for most of the common alloys when using high speed steel or brazed 
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carbide tools.  A tool life of 30-60 minutes is applicable for 
throw-away carbide tools. 
Exhibit (III) shows the recommended cutting conditions specified 
in the machining handbook for the workmaterial considered here. 
Ill-5 N/C Example;  Low Pressure Rotor D:103 
Following is an example of the procedure described in III-2 
for estimating the processing time on the N/C turning center of the 
low pressure rotor D(103).  Figure (III-2) shows the required profile 
and configuration of the part as well as the steps followed to remove 
material. 
The accompanying process sheets show in detail the cutting 
conditions used and the calculations performed to arrive at a time 
estimate. 
Three distinct time elements are shown: 
- £ o QO c— gives the metal removal time 3.82 fr«v 
- S R/r       gives the tool travel time at rapid traverse 
- tT gives the handling time, estimated from exhibit IV 
in the following manner: 
part weight: IL^- x L x o - TTx6^75    x 26 x .28 lb/in3 ~ 264 lh 
From exhibit (I) load P unload : 3.85 min 
weight > 101 lb add for crane : 4.00 min 
total : 7.85 min 
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TOOL 
CASTAiior 
TOOL 
CARBI0ET001 
MATERIAL SPEEO 
fpm 
FEED 
ipr 
TOOL 
MATERIAL 
SPEED 
fpm 
FEED 
ipr 
SPEED-fcm 
FEED 
ipr 
TOOL 
MATERIAL BRAZED THROW- 
AWAY 
175 
to 
225 
Hot Rolled, 
Normalised, 
Annealed or 
Cold Oriwn 
.ISO 115 .015 M2.M3 ICO .015 400 525* .020 
C4> 
.025 190 .007 M2.M1 200 .007 575 £00 .007 
C-7 
275 
to 
325 
Quenchtd 
and 
Tempered 
.150 95 .015 
TI5.M33. 
M4lThni 
M47 
110 .015 300 375 .015 C-6 
Medium Cubon 
Retutfuriied 
1132 1141 
.025 115 .007 
T15.M33. 
M4ITnni 
M47 
135 .007 430 500 .007 C-7 
HARDNESS 
BHN 
CONDITION 
DEPTH OF CUT-Inches 
TOOL 
MATERIAL MATERIAL 
.010                            .050 .100 
STEED 
fpm 
FEEO 
ipr 
SPEEO 
fpm 
FEEO 
ipr 
SPEEO 
fpm 
FEEO 
ipr 
175 
to 
225 
Hoi Rolled, 
Korrruliicd, 
Annealed or 
Cold Drawn 
130 .005 125 .007 115 .010 M2.M31ISS 
490 .006 465 .010 440 .015 C-7 Ca/bide 
Medium Cubon 
Kctulfuhicd 
1132 1141 
275 - 
to 
325 
Quenched 
and 
Tempered 
90 .004 15 .005 to .001 
TI5. M33. 
M41 Thru 
M47HSS 
340 .005 320 .007 305 .010 C-7 Cu bide 
.... 
HARD- 
NESS 
BHN 
CONDITION SPEED fpm 
FEED - Inches Per Revolution 
NOMINAL HOLE OIAMETER - Inches HSSTOOL MATERIAL 
•aceptis 
noted 
1 
MATERIAL 
1/16 1/8 l/« 1/2 3/4 
' 
1-1/2 2 
• 
175 
to 
225 
Hot Rolled, 
Normalised, 
Annealed or 
Cold Drawn 
70 
115 
.001 
.003 .005 .010 .015 Oil .020 .023 
MIO 
M7 
Ml 
Medium Carboa 
HcMtlfurucd 
1132 1141 
275 
to 
325 
Quenched 
and 
Tempered 
75 • .003 .005 .010 .015 Oil .020 .023 
i 
TI5.M33. 
M4I Thru 
M47           j 
Exhibit III>   Cutting parameters. 
Source: Machining Data Handbook (10) 
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figure III.2i Processing of rotor J103.LF 
Long end. 
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SEQ. OPERATION: Long End PART # : 
P 10 Rough Turn D2 D(103)L. 
20 Rough Turn Di MATERIAL 
30 Rough Turn D3 & contour 
ko Finish turn diameters HARDNESS 
So Pace body of rotor 
60 Groove MACHINE 
N/C 70 Finish turn D5,chamfer 
80 Recut center,thread end 
OPERATION * 
10 20 30 ko 50 60 70 80 
d .25 .062 .126 .062 - - .078 - 
D k- 67 6.50 2.65 6.5 6.5 1.97 1.96 - 
f 
.02 .02 .02 .008 .02 .008 .007 .056 
V 500 500 500 600 600 360 600 15 
L 
7I4-.6I4- 6.0 
7.2 
I4..O 
10.0 
2.0 • 3 .66 - 
e 2.0 .25 ^2$ 
.25 .2$ .25 .25 ^2$ - 
t 9.38 1.02 .81 L.314- 1.62 • 32 .08 .12 .7 
r 200 200 200 200 - - 200 - 
R 96 8 8 8 - - k - 
t 
tt = 7.85 min             \ ' I 
tiu  = hS min              "s—" 
)(L e)   _lt? 
3.82(f.v) 
.39 min 
n 
S2 
7 
rPZS 
vrm, 
j 
ri^ure   JI!.3i   Processing of  short 
end   (J103.LP). 
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SEQ. OPERATION:   Short End PART #   : 
10 Rough Turn D(103)L.P 
20 Pace  Body MATERIAL 
30 Finish turn diameters 
kO Drill 11/8 hole HARDNESS 
50 Rough & finish bore 
60 Undercut MACHINE 
N/C 70 Recut center 
80 
OPERATION  # 
o 
10 20 30 ^0 50 60 70 do 
d ^ - .013 - 
.08 
•008 - 
D i^.67 6.5 
2.77 
6.5 1.12 1.12 _ _ 
f 
.02 .02 .007 .0114. .007 
.OOU 
V 500 600 600 $$ 100 — — 
L 
% 3 3
    7 k y - - 
e 2.2$ .2$ • 2$ .2$ .50 — — 
t k-5 .\±2 
.56 
2.9lt 1.62 
1.1+7 
2.57 1.0 .5 
r 200 - 200 - - 200 200 
R 96 - - 10 - - 2.0 1.0 
t 
.1+8 .05 .01 - 
*«■ =7.85 min 
tsu =   60 min 
2j ><L  e>         =15.59 min 3.82(f.v) 
*/r    = .7 min 
A 
Setup time was provided by Ingersoll-Rand engineers and is based 
on their personal experience. 
In the example given, two processing sheets are provided for the 
two distinct operations that are performed on the part. 
III-6 Conventional Processing Example 
In the conventional processing, each part has to be machined on 
one, two or three different machines depending on its configuration. 
All parts are first processed through the tracer lathe for the machining 
of the outside contour. Machining of the parts on this tracer lathe 
presents the following problem. 
a) Tracer lathe problem 
Exhibits (IV & V) show the machine-tool manufacturer's process 
plan and time estimate of the processing of rotor D(103) on the tracer 
lathe.  The machining is done in three distinct operations. 
Specifications for the tracer lathe. 
- main motor : 40 H.P. 
- # of passes available:  slide #1 : 2 passes 
slide #2 : 3 roughing + 1 finishing pass 
slide #3 : can take a 3" pass. 
So if we consider the short end of the rotor, a total of 6 passes are 
available for roughing the small diameter. 
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The stock of material to be removed from the short end of the 
rotors is as follows: 
D(103) 
D(71) 
D(45) 
D(24) 
D(103) 
D(71) 
2.00" 
1.68" 
1.69" 
2.36" 
2.00" 
1.69" 
B 
.323"/cut 
.270"/cut 
.270"/cut 
.382"/cut 
•323"/cut 
.270"/cut 
for roughing 
for roughing 
for roughing 
for roughing 
for roughing 
for roughing 
In the above table, Column A gives the total stock to be removed 
and Column B gives the depth of cut per pass that has to be taken so 
that the machining can be done in 6 roughing passes and 1 finishing 
pass. 
Exhibit   (V)  shows the machining speed for a typical roughing 
cut taken on the short end of rotor D(103) as v = 509 ft/min.  The 
feed rate is specified as .02 i.p.r. . 
From the above table, D(103) has to be machined taking 6 .323 in 
deep roughing cuts. The horsepower requirements for these operations 
become: 
h.p a  12xdxfxvxu.p where d «=» depth of cut (in) 
f = feed (ipr) 
v " speed (ft/min) 
u.p = unit power = 1.5 for C 1141 at 230 BHN 
The value of unit power was taken from the Machining Data Handbook and 
is an average between the two extremes of:  1.4 for a sharp tool 
1.6 for a dull tool. 
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This value is also corrected for 807o power resulting at the spindle. 
So h.p - 12 x .323 x .02 x 509 x 1.5 =» 59 horsepower. 
It can be seen that this horsepower requirement far exceeds the capa- 
bility of the tracer lathe specified which has a 40 h.p motor. 
It was thus concluded that the sample process plan offered by the 
machine tool manufacturers was not feasible and that for the part to be 
machined in one operation (i.e. 6 roughing passes and 1 finishing pass), 
the machining conditions have to be reduced so that a maximum of 38 h.p 
is not exceeded. 
This problem occurs on the machining of the 'short end1 of every 
rotor under consideration. As far as the 'long end' of the rotor is 
concerned, where more material removal and contouring are performed, 
the machine tool manufacturers acknowledge the limitation.of the tracer 
lathe and suggest two distinct operations to perform the machining. 
The processing and time estimate are shown in exhibits (IV&V). 
The following pages provide examples of how the machining conditions 
were modified for the processing of Rotor D(103) on the tracer lathe, 
and samples of calculations for the turret lathe operations are also 
given. 
b) Modified processing 
Tracer lathe operations; 
It can be seen from the following process sheets that the same 
processing plan is used, with modified feed values to stay within 38 
horsepower. 
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For the short end of the rotor, the cutting time £ , ,j0 J    - 
° 3.82 f»v 
12.2 min can be arrived at in another way, by using the calculated 
values of cutting time obtained on the N/C case. 
Example: 
On the N/C:  # of passes for roughing *» 8 
feed used : .02 ipr 
time taken : 5.2 min 
Tracer lathe;  # of passes that can be taken for roughing «= 6 
feed : 0.13 ipr to stay within 38 h.p 
Therefore, the time taken will be: 
t - 5.2 x S?X,°?0 - 5.2 x 1.155 » 6.05 min 8x.013 
The finishing pass, since taken at the same cutting conditions as in 
the N/C case, will take the same time, i.e. finishing pass = 6.15 min 
Therefore, Tracer lathe time - 6.05 + 6.15 ■ 12.2 min 
This procedure was used to estimate the time taken on the tracer lathe 
for the remaining rotors. 
Turret lathe; 
- Since the amount of metal to be removed on the turret lathe is 
identical to the amount removed in the case of the N/C, and since 
it is done under similar cutting conditions, cutting time 
S 0 e|0 J    is retrieved from the calculations performed for the 3.82 f»v r 
N/C case. 
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Pages (64 & 65) give an example of the calculations performed 
for the manipulation time associated with the manual operation 
of the turret lathe. 
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SEQ. OPERATION: Short End PART # : 
10 Rounh Turn D(103)L.P 
20 Rough Turn MATERIAL 
30 Finish Turn 
ko HARDNESS 
50 
60 MACHINE 
TRACER LATHE 70 
80 
OPERATION # 
10 20 30 ^0 50 60 70 80 
d .323 - .062 • 
D I1-.67 6.5 
2.7 
6.5 
f 
.013 .02 .007 
V 500 500 600 
L 18 13.8 • 3 13.8 
e 1.5 .2$ .25 
t 3.67 ?..k 5.6 
r 
R 
- 
t 
\  D(L e) • _ 12.2 min 
^—-» 3.82(f.v) 
^>" R/r = 1.5 min 
SEQ. OPERATION:   Long End PART #   : 
10 Rough Turn D(103)L.P 
20 Rough Turn MATERIAL 
30 
14-0 HARDNESS 
50 
60 MACHINE 
TRACER  LATHE 70 
80 
OPERATION  # 
10 20 30 ko 50 60 70 80 
d - - ■ 
D 6.5 
6.0 
14..0 
f 
.02 .02 
V U-60 
14-60 
283 
L 20 I4.O 
e 
_ ' — 
t 3.72 7.14-3 
r 
R • 
t 
tL - "                                                  'XT'   D(L  e)        _11.1S min 
*-s  3-82(f.v) 
tsv
 =                                                     ^T R/r    = 1.15 min 
\ 
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SEQ. OPERATION:   Short  End PART  #   : 
P 10 Pace Body D(103)L. 
20 Drill  1  1/8 hole MATERIAL 
30 Rough & Finish Bore 
liO Undercut HARDNESS 
50 Recut  center & reverse 
60 Turn & Groove MACHINE 
TURRET LATHE 70 Chamfer 
60 Thread 
0PER ATION  # 
10 20 30 1+0 50 60 70 80 
d .- - 
.08 
.00c - - '- - 
D 1.3 1.125 1.125 1.30 
5.0 
1.97 
2.0 
1.9' 
1 
•* - 
f 
.02 .Oil*. .007 
.001 .0015 
.02 
.008 
.02 
.008 .056 
V 5oo ^ 100 50 I4.OO 160 
1+00 
160 - 15 
L 1.1+ 3.0 2.5 .21 1.0 
.3 
1.0 
.3 
- - 
e .25 .25 .50 - - 
• 2i> 
.25 - - 
t 
.07 1.32 1.14-7 2.# .95 .5 
.07 
.08 .5 .7 
r 
R 
* 
t 
tt =11.85 min                                 *X7   l 
tsu = 36O min                                   V  ' 
XL  e)        _ g 
J.82(f.v) 
l/r    =     - 
23 min 
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N/C versus CONVENTIONAL TIMES 
Part # N/C Tirae/Pc Conv. Time/Pc N/C * # Batches (hr) (hr) % of Conv/Q- •100 Run/Yr 
D(103)L.P .84 + 1.75/Q 1.31 + 12.0/Q 60.0% 5 
D(71) L.P .73 + 1.75/Q 1.23 + 12.0/Q 55.4% 5 
D(45) .50 + 1.75/Q .81 + 10.0/Q 56.9% 10 
D(24) .36 + 1.75/Q .58 + 6.0/Q 59.0% 10 
D(103)H.P .93 + 2.0/Q 1.28 + 11.0/Q 68.3% 5 
D(71) H.P .87 + 2.0/Q 1.15 + 11.0/Q 70.6% 5 
*N/C time for a batch of 100 pieces, as a percentage of Conventional 
time for a batch of 100 pieces. 
The total, weighed (over the number of batches run) N/C time as a 
percentage of conventional time comes to : 60.76% ~ 60.8%, i.e., a 
time advantage over a one-year production of 39.2%. 
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CHAPTER.IV COST ESTIMATES 
IV-1 Annual Equivalent Costs of Machinery 
IV-2 Allocation of Machine Costs 
IV-3 Other Costs 
IV-4 Two Hypothetical Cases 
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IV-1 Annual Equivalent Costs of Machinery 
1) Capital Investment costs 
The values quoted include the machine tool and necessary access- 
ories . 
N/C ALTERNATIVE 
1 N/C J&L 'combi1 
18" 50 H.P. $250,000 
CONVENTIONAL SETUP 
1 1 H-21 Tracer Lathe $167,000 
2 1 #3A Turret Lathe $137,000 
3 1 #5 Turret Lathe $ 7,000 
4 1 Gun Drill $ 40,000 
Assumptions: 
- equal economic life of 10 years for each machine 
- 2 shifts/day i.e. 4,000 hrs/yr 
- 20% return on capital investment 
- no salvage value. 
Time adjusted annual equivalent costs; 
- N/C      ($250,000 A/P, 20%, 10) 
- H-21     ($167,000 A/P, 20%, 10) 
- #3A      ($137,000 A/P, 20%, 10) 
- #5       ($87,000 A/P, 20%, 10) 
- Gun Drill ($40,000 A/P, 20%, 10) 
$59,630/yr 
$39,830/yr 
$32,675/yr 
$20,750/yr 
$ 9,540/yr 
IV-2 Allocation of Machine Costs 
Before deciding on how to allocate these fixed costs, a clarification is 
needed as far as the conventional setup is concerned. 
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#3A Turret Lathe:  This machine will have to be renewed independent of 
which method is used to produce the rotors.  This machine is 
justified by a number of oversize parts (compactor parts) that 
cannot be handled by the smaller #5 turret lathes. Production of 
the rotors occupies 20% of this machine's capacity. Therefore, 
the conventional setup increases this machine's capacity (utili- 
zation) whereas an N/C alternative would cause the opposite effect. 
In light of this, only 20% of this machine's annual cost is 
allocated to the rotors. 
Gun Drill; The same argument applies for this machine.  The time the 
rotors occupy on this machine's capacity is minimal. Therefore, 
only that proportion is allocated towards the rotor's manufactur- 
ing cost. 
#5 Turret Lathe; This is a versatile machine which is common in most 
manufacturing shops.  In this application, it has to be viewed 
within the total manufacturing plan.  The total manufacturing plan 
calls for 6 machines of this type. One of them is used for pur- 
poses of training and, therefore, assumed not to be related to the 
required capacity once production is at a steady state. Manufac- 
turing of the rotors by the present setup requires about 50% of 
the time available on one machine.  The question that has to be 
answered is;  "Does the manufacture of the rotors by the present 
setup impose the acquisition of a fifth machine?" Unfortunately, 
this question cannot be answered by IR.  In view of this, two 
hypothetical conditions are considered; 
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Let C = plant capacity in terras of number of machines, excluding 
the rotor manufacture, 
e = excess capacity which is economically feasible to do by 
overtime, part-time work, rather than by acquiring another 
machine which would be underutilized. 
Case #1: 4.0 + e < C < 4.5 
In this case, a fifth machine is needed independent of rotor 
manufacturing. Furthermore, manufacturing the rotors by the 
present setup fits well within the total manufacturing plan. 
Therefore, only half the fixed capital cost of the #5 turret 
lathe should go towards the cost of rotor manufacture. 
Case #2; C < 4 + e 
In this case, only four machines are needed. Therefore, manufac- 
turing the rotors by the present setup adds the burden of paying 
for one extra machine to be used at half its capacity.  If this 
case is prevailing, then the full cost of the #5 turret lathe has 
to be attributed to the manufacture of the rotors. 
IV-3 Other Costs 
Tooling: There is basically no difference between the tooling 
required by both methods. All the tooling is standard. N/C 
takes preset tooling, but this is also the case for the tracer 
lathe. So this cost is assumed to be equivalent for both methods 
and, therefore, cancelled. 
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- Programming:  It is impossible to put a dollar value on this cost and 
it is, therefore, ignored on the following assumptions: 
- tape production for the 6 parts can be subcontracted rather than 
done in-house. Many N/C users who cannot justify in-house 
programming do this. 
- The cost of tape acquisition is easily matched if not exceeded 
by the need to produce or acquire 3 different templates for each 
rotor application. 
- Maintenance: Only a qualitative evaluation can be made, regarding 
this cost.  Surveys (Michigan) estimate N/C maintenance as being 
about 50% higher than that required for a conventional machine. 
Under the replacement condition considered, maintenance cost would 
be a burden to be carried by the introduction of N/C. The hypothe- 
tical situation where maintenance costs are equivalent for both 
methods was considered. Maintenance was taken as an arbitrary 
percentage of labor cost for both methods. The result of doing 
this is that the resultant curve describing N/C costs should be 
viewed as a lower bound curve. 
2) Operating cost; 
This cost includes: 
typical labor rate : $1.00/hr. 
25% of fringe benefits      : .25 
75% as maintenance allowance : .75 
£ - $2.00/hr. operating cost 
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IV-4 Two Hypothetical Cases 
a) Case 1;  4.0+e<C<4.5 
N/C Fixed Annual Cost    Conventional Fixed Annual Cost 
1 N/C turning center 
$59,600 
H21 • $39,830 
#3 : 6,600 
#5 : 8,300 
G.D : 100 
$54,830 
It was determined that processing the rotors on the N/C machine 
would result in a 39.2% time reduction over one-year production of the 
specified quantity of rotors.  This can be viewed d's N/C needing 1 
operator for the required year production, whereas the conventional 
setup would need 1/.608 = 1.65 operators. 
So the variable cost for the two alternatives will be: 
N/C : ($2.00/hr) (1 operator) (T hrs of production/yr) 
C.v : ($2.00/hr) (1.65 operators) (T hrs of production/yr) 
b) Case 2;  C < 4.0 + e 
In this case, the distribution of fixed costs is as follows: 
N/C Fixed Annual Cost    Conventional Fixed Annual Cost 
$59,600 H21 : $39,830 
#3 : 6,600 
#5 : 20,750 
G.D : 100 
$67,300 
Variable costs remain unchanged and are similar to Case 1. 
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CHAPTER V ANALYSIS AND CONCLUSIONS 
V-l Reasons for the N/C Time Advantage 
V-2 Effect of Batch Size on the Gain in Production Time 
V-3 Break-even Analysis 
a) Case I 
b) Case II 
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V-l Reasons for the N/C Time Advantage 
The reasons for the appearance of a time advantage in the N/C 
alternative can be divided into three categories. 
jf 
V-1-1 The number of operations performed 
It was seen that operation time was made up of two time elements: 
machining time and setup time.  It was also indicated that machining 
time contained two distinct elements:  cutting tool time and workpiece 
handling time.  For these rotors, handling time happens to be quite 
important since the majority of the rotors are over 80 lb, thus requiring 
the use of a crane for loading and unloading. 
The flexibility of the N/C machine is such that, for some rotors, 
the ratio of distinct operations to be performed in each method is a 
5:2 ratio.  It can be seen that whereas the handling time appears twice 
in the N/C alternative, it can be duplicated up to 5 times in the 
conventional method. 
The greater number of operations involved in the conventional 
method introduces another problem which was ignored during the computa- 
tion of operation time. When batches are transferred from one machine 
to another, and particularly when the machines involved are not dedicated 
to the sole production of the batches in question, a certain amount of 
waiting time occurs in front of each machine. This waiting time can 
arise from many factors, such as plant layout, efficiency of scheduling 
... and can only be minimized at best.  The amount of waiting time 
occurring is characteristic of each shop.  It can only be evaluated from 
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direct observations and measurements and this is the reason why it was 
neglected in the estimates made previously.  Since, in the N/C alterna- 
tive, the machine-£ool involved is dedicated to the manufacture of the 
family of rotors, the waiting time is expected to be minimal compared to 
the conventional setup where out of five different machine-tools in- 
volved, only the tracer lathe is dedicated to rotor manufacture. 
V-l-2 Nature of the setup 
Whereas the N/C concept and preset tooling make the setup time 
on this method minimal, the conventional method, in comparison, suffers 
lenghty setup times associated with the tracer and turret lathes used. 
But, since the batch sizes considered here are fairly large (100), the 
effect of setup time on the time advantage is somewhat reduced and, 
therefore, not critical. 
V-l-3 Selection of the tracer lathe 
In the discussion covering the operations performed on the tracer 
lathe (pp 56), it was shown that the manufacturing plan offered by the 
machine-tool manufacturers was not feasible with the 40 h.p. available 
at the machine-tool motor. It was also shown that in order to stay 
within the available horsepower, recommended cutting conditions had to 
be modified.  This solution results in the following disadvantages: 
a) Time per piece 
As an example of the disadvantage resulting in the time/piece, 
consider the machining, by the two methods, of the small end of rotor 
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D103 L.P.  Since there are no restrictions on the number of passes the 
N/C machine can take, roughing of this workpiece can be done in 8 
passes, at recommended cutting conditions, within the available power 
of 50 h.p. 
When doing the same job on the tracer lathe, two machine-tool 
constraints have to be considered; Only 40 h.p. and a maximum of 6 
roughing passes are available.  Therefore, recommended cutting conditions 
have to be adjusted to satisfy these two constraints. 
Cutting time for both methods becomes: 
N/C- T „ 8 n-D(Irf-e) 
N/L
" 1  3.82f1-v1 
Tracer lathe- T - 6 n D(k*-e) . 2 3 g2 f 
T /T a  
8
 
X
 
£2'V2 m  8 x .013 x 500 il/12  6 x f »Vl  £  x .02 x 509   ' D 
It can be seen that the tracer lathe constraints result in a 15% time 
advantage in favor of a machine-tool which has 50 h.p. available at the 
motor. 
b) Optimum cutting conditions 
The recommended cutting conditions of feed and speed used are 
values drawn from the Machining Data Handbook Ref. (9) and are usually 
regarded, as conservative values that would provide an acceptable start- 
ing point. The tracer lathe, with its constraints leaves no room for 
experimentation and possible improvement in cutting conditions, should 
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the recommended starting point turn out to be conservative. 
Furthermore, since the response surface of any performance 
criteria used to evaluate cutting conditions is not unimodal, operat- 
ing at values below the recommended cutting(conditions may result in 
an adverse effect on tool wear. 
From the above points, the first conclusion to be drawn concerns 
the choice of the tracer lathe. Since the tracer lathe is going to 
be a machine-tool dedicated to the manufacture of the compressor 
rotors under consideration, it seems that, for the purpose of efficien- 
cy, this machine-tool should have more horsepower and/or more cutting 
passes than available on the machine-tool that was chosen. 
A tracer lathe with a 50 h.p. motor and/or more than 6 roughing 
passes would provide the following advantages over the present 40 h.p., 
6 roughing passes machine considered: 
- will not suffer a 15% time disadvantage as encountered with the 
present machine-tool compared to a 50 h.p. N/C. 
- will not have to subject the motor to a constant near maximum 
load and, therefore, may have a longer life and less maintenance. 
- Optimum cutting conditions on the basis of maximum output will 
not be limited by the recommended 'starting point conditions' 
which may turn out to be too conservative. 
- will leave room for the eventual inprovement in production time 
by the use of better cutting tools that can be run at higher 
speeds and feeds. 
79 
- The ideal raw material stock size of the larger rotor is at 
6.75 in diameter. At this stock size, the present machine-tool 
is used at optimum capability.  Should this stock size become 
scarce and should the rotors have to be machined from a larger 
available stock size, the added horsepower and/or added passes 
available on the suggested machine-tool would permit to face 
this eventuality without resorting to a secondary operation, as 
would be the case with the present 40 h.p./6 roughing passes, 
tracer lathe. V. 
V-2 Effect of Batch Size on the Gain in Production Time 
To illustrate this effect, consider the production of part 
#D(103) L.P. The production time/piece for this part was: 
on the N/C: .84 + 1.75/Q (hr) 
conventional: 1.31 + 12.0/Q (hr) 
Let T- ■ N/C production time per batch 
T„ «= conventional production time per batch 
Q *  batch size. 
The percentage gain in time/batch to be achieved with the use of N/C 
can be expressed as a function of batch size Q in the following manner; 
T 
% gain » (l-^lOO » f(Q) 
l2 
For Rotor D(103) L.P., the equation becomes, 
(i3>oo - x galn - (x - j^^^o . l0o(^Hh) 
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A curve, of similar shape to the one shown above, has been derived 
for each workpiece considered and graph ( 1 ) shows the plot of the 
7o gain in time as a function of batch size, for each rotor. 
From graph (1), it can be seen that all curves have a hyperbolic 
shape with each curve decreasing towards a specific assymptotic value 
as the batch size Q increases towards infinity. 
Graph (1) also shows that for the anticipated batch size of Q ■ 
100 under consideration, the % gain in time resulting from the use 
of N/C is nearer the minimum achievable (the assymptotic value for 
which Q ■ <») than the maximum achievalbe (range of values where Q is 
small), i.e. the %  gain in time lies on the flat part of each curve. 
As an illustration of this point, the weighted average (over the 
# of batches to be run per year) of the percentage gain in time for the 
6 rotors considered was calculated for two different values of batch 
size; 
for Q = 20    weighted average % gain » 50.15% 
Q = 100   weighted average % gain - 38.5% 
Over a one year production time (3200 hr), these values can be trans- 
lated into: 
for Q ■ 20    1605 hr of production less for N/C 
Q » 100   1232 hr of production less for N/C. 
In the introduction, it was pointed out that one of the tradition- 
al domains of N/C application was one where quantity was low and 
variety of workpieces very high.  This situation represents an ideal 
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4 
one, since the low setup time of N/C as well as its machining flexi- 
bility can be exploited to a maximum by producing a small quantity of 
a very large variety of parts.  It was also pointed out that there 
was no consensus either in the literature or among N/C users about how 
'small1 the batch size should be. Quantities qualified as 'small' 
were found in reported successful applications of N/C to range from a 
batch size of 5 to a batch size of 200 or more. 
Therefore, it can only be concluded, from graph (1), that for 
this specific application, the anticipated batch size of Q ■ 100 does 
not allow the user to draw a near maximum benefit from N/C. As 
was said earlier, the percentage gain in time over the conventional 
method is nearer the minimum achievable than the maximum achievable, 
for the anticipated batch size of Q «■ 100. 
The next question is to investigate whether this percentage gain 
in production time can also be translated into an economic advantage. 
V-3 Break-Even Analysis 
A break-even analysis was used to see whether the N/C production 
time advantage over the conventional method can be translated into an 
economic advantage as well. During the allocation of costs in chapter 
IV, it was indicated that the key question was one which concerned the 
required capacity in terms of the #5 turret lathes.  It was also pointed 
out that since Ingersoll-Rand was unable to provide exact information 
concerning this question, two hypothetical situations had to be con- 
sidered for the analysis.  These will be treated in turn. 
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Case I; 4.0 + e < C < 4.5 
Case I refers to the situation where the total manufacturing plan 
of the plant, excluding rotor manufacture, calls for five #5 turret 
lathes.  In this case, rotor manufacture fits well within the rest 
of the manufacturing plan. 
Graph (2) represents the two cost curves associated with N/C and 
the conventional method, according to the cost and time data obtained 
for these two methods. 
N/C method;  Lower bound curve 
The cost curve for the N/C method was labeled as a lower bound 
curve because of the assumption that maintenance cost for this piece 
of equipment will be of the same magnitude as that associated with 
the easier-to-maintain conventional equipment.  It is well acknowledged 
that N/C maintenance cost can run as high as the machine first year 
cost during the first year of operation. Therefore, the cost curve 
presented is viewed as a limiting curve which will tend to shift up- 
wards due to 
- Expensive initial maintenance and debugging 
- Additional capital expenditure to train a maintenance force 
capable of dealing with N/C 
- Long waiting time when outside help is required 
- Expensive outside maintenance help. 
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Conventional method: Upper bound curve 
The cost curve for the conventional setup, using the tracer lathe 
in combination with the turret lathes and gun drill, was labeled as 
an upper bound curve because its slope is determined by time estimates 
that an operator dependent for their major part. Whereas the N/C 
operation is machine controlled and, therefore, consistent, there is a 
great deal of human involvement in the conventional method.  Since 
manual elements were taken from standard data that is assumed to apply 
in this application, and since, where doubts occurred, conservative 
values wertf used, the curve is expected to shift downward due to 
learning and improvement in machining efficiency. 
The only other element that could cause a shift of the curve in 
the opposite direction is the waiting time associated with the transfer 
of batches from operation-to-operation or machine-to-machine, since, as 
mentioned earlier, some equipment in the conventional setup is not 
dedicated to rotor manufacture only. At this stage, there is no way 
of predicting what the magnitude of this waiting time will be. 
The comparison is thus between two limiting cost curves and for 
N/C to be considered at all, it must show a definite advantage under 
the conditions stated above.  Should a clear cut advantage in favor of 
N/C be present, the problem of maintenance associated with N/C should 
then be weighed in order to arrive at a decision. 
It can be seen from graph (2) that the two cost curves do not 
intersect within the allowable yearly production time, and thus the 
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observed advantage offered by the N/C machine in the machining of the 
rotors cannot be justified from an economic point of view.  The 
reasons seem to be related to the following: 
- As was seen before on the plot of percentage time advantage of 
N/C versus batch size, the anticipated batch size of Q ■ 100 in 
this application does not allow a near maximum benefit from 
N/C. Had the batch size been Q » 20, the increased time advan- 
tage in favor of N/C would have caused the two limiting cost 
curves to intersect after 2300 hours of production or 75% of 
the planned capacity. 
- N/C equipment is always associated with a high capital invest- 
ment when compared to conventional equipment.  In this applica- 
tion, the number of machines required for the conventional setup 
(4) causes the capital investment to exceed that of one N/C 
turning center. However, in case I it was assumed that the #5 
turret lathe fitted well in the total manufacturing plan and, 
thus, only part of its cost was allocated to the manufacture of 
rotors. This fact, in turn, caused the total annual investment 
in the conventional setup to be just below that of the N/C 
machine.  For the N/C machine to become an economically viable 
alternative to the present setup, its savings in operating cost 
has to offset the extra capital expenditure associated with it. 
Labor operating cost was fixed at $2.00/hr to cover various 
benefits and overhead.  In reality, this figure corresponds to 
twice the present hourly labor rate for a machine operator in 
the situation considered. 
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At this level of hourly labor rate, the gain in time and efficien- 
cy that would result from the use of N/C cannot offset the higher 
capital investment associated with it.  For the purpose of comparison 
and illustration of this point, graph (3) was drawn for the same 
application, using an average U.S. labor rate of $7.50/hr.  This dif- 
ferent cost input causes a break-even point to occur, under the assumed 
conditions, after only 980 hours of production or 31% of projected 
capacity.  The occurrence of the break-even point between the two 
limiting curves provides the incentive needed to evaluate the mainten- 
ance requirements of N/C equipment, tackle them and try to gain the 
advantages associated with the N/C concept. 
In conclusion, should the situation hypothesized under case I 
prevail, the indication seems to be that, even with the uncertainties 
associated with the time estimates derived, the conventional setup 
provides a cheaper way of producing the rotors.  It does seem that, 
should the cost conditions, and in particular the labor rates, remain 
at the level described, a labor intensive production is preferable to 
a production based on machine sophistication under this situation. 
Case lit C < 4.0 + e 
Case II refers to the hypothesized situation where the plant 
capacity is such that an additional #5 turret lathe has to be acquired 
as a result of using the present setup to manufacture the family of 
compressor rotors.  Therefore, the cost of the turret lathe is allocated 
in full to the cost of manufacturing the rotors. 
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From graph (4) it can be seen that: 
- The complexity and variation in part size make the number of 
conventional machines required prohibitive as far as capital 
investment is concerned. 
- An additional cost saving is provided by the more efficient 
N/C machine operation. 
Therefore, should the conditions hypothesized under Case II prevail, 
this application offers the following: 
- an ideal situation where the complexity of the family of parts 
to be produced calls for the concept of numerically controlled 
equipment. 
- an opportunity to evaluate the maintenance problem associated 
with N/C. A study of the maintenance requirements would help to 
assess exactly the economic feasibility of N/C equipment in this 
application.  It would help design and train a maintenance 
force capable of dealing with N/C equipment.  The cost of the 
maintenance program is unavoidable and is a burden to be carried 
by any prospective N/C user.  If well planned and implemented, 
it should represent a first cost that can be amortized quickly 
and, therefore, clearing other eventual N/C applications from 
this problem as more experience in the field is gained. 
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VII.  APPENDIX 
Route sheets for processing of Rotors D71 LP, D45, D24, D103 HP 
by N/C. 
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Z3E- 
i 
 I 
A 
D-71  LP 
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SEQ. OPER-.TION: Long End PART # : 
10 Rough Turn Di & D2 D(71)LP 
20 Rough Turn Contour MATERIAL 
30 Finish Turn 
ko Pace Body HARDNESS 
50 Groove 
60 Finish turn D5, chnmfer MACHINE 
N/C 70 Release center & thread 
80 
OPERATION $ 
10 20 30 40 50 60 70 80 
d .?-$ - .0214- - - - 
D 3.975 2.2 
2.14- 
$-5 $.$ 1.6 1.6 - 
f 
.02 .02 .007 .02 .008 .007 .056 
V 5oo $25 600 600 360 600 15 
L 65.5 34 10 6 1.5 .3 .7 - 
e 1.75 .50 .25 .25 .25 .25 - 
t 
6.95 .795 
1.5 
2.1 .21 .08 .12 .7 
r 100 100 100 - 100 - 
R 65-5 11*. 16 
• 
.7 
t 
ti. =7.85 min 
taw ri^-5 min 
^-e)— = 11.83 min 
}.82(f.v) 
\/v    zz    .96 min 
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SEQ. OPERATION: Short End PART §   : 
10 Rough Turn D(71)L.P 
20 Pace Body- MATERIAL 
30 Finish Turn 
ko Drill HARDNESS 
50 Rough & Finish Bore 
60 Undercut MACHINE 
N/C 70 Recut Center 
80 
OPERATION # 
10 20 30 ko 50 60 70 80 
d .25 - .O2I4. - 
.086 
.008 - - 
D 3.975 5-5 
2-k 
1.0 1.12 - - 
f 
.02 .02 .007 .Oil*. .0014- - - 
V 500 600 600 5$ 100 
L 21.5 2.0 k*o 7.5 k.o 3.0 
e 1.75 .25 ^2$ .5 .5 
t Z.hf.2 .1+15 ,6k 2.51 1.53 5.13 1.0 .5 
r 100 100 100 100 
R ke '6 2k 
" 
2 
t 
U  = 7.85 min             "X" D(L e)   = ^ min 
^—*  3.82(f.v) 
tsu  = 60 rain              ^ R/p _ #?8 min 
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"   1 
► 
* 
' 
"I 
i 
_J 
D-45 
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SEQ. OPERATION: Long End PART # : 
10 Rough Turn D2 D.l+5 
20 "  D3 MATERIAL 
30 "'  Dli. 
ko "  D5 HARDNESS 
50 RouKh & Finish Dl 
60 Pace Body MACHINE 
N/C 70 Finish End 
80 
OPERATION # 
10 20 30 i+o 50 '- • 60 70 80 
d 
.25 .10 .173 .062 
.07 
.036 - .'031 
D i+.o 2.2 2.2 1.5 5.5 5.5 2.0 
f 
.02 .02 .02 .007 
.02 
.007 .02 .007 
V 5oo 525 500 550 
500 
550 600 575 
L 1+9 k-k 8.4 3.1+ 1+.0 1.5 7.0 
e 1.75 .25 .5 .25 .25 .25 .25 
t 5.31 .26 .513 .37 
.61 
1.59 .21 .91+3 ■ 
r 100 100 100 100 100 100 100 
R 50 5 1+ 3 1+3 ' 19 12 
t 
tt = 5«1 min *\" D(L e)   _ 9#Q min 
^-— 3.82(f.v) 
^> R/r = 1.36 min 
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SEQ. OPERATION: Short End PART # : 
10 Ruogh Turn D2 D.li5 
20 ' Rough & Finish Dl MATERIAL 
30 Finish turn D2 
1x0 Face Body HARDNESS 
50 Drill 
60 Bore MACHINE 
N/C 
70 Recut cent< 3r 
80 
OPERATION # 
10 20 30 M) 50 60 70 80 
d .25 _ .062 — - 
.o55 
.. ...OOfl 
• 
D li.O 5.5 2.1i 5.5 1.125 1.20 
f 
.02 .02 .007 .02 .0114- .001+ 
V 500 $25 600 600 55 100 
L 16.0 8.0 2.3 2.0 2.0 2.0 
e 1.75 .5 .2$ .25 .25 .25 
t 2.97 1.1 .378 .27 .861 3.5 
r 100 100 100 100 
R 1U 18 k k • 
t 
tt =3.2 min 
tsv  = 60 min 
>(L e)   _ q.i min 
}.82(f.v) 
</r    = ,i|. min 
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SEQ. OPERATION: Short End FART n   : 
10 Rough Turn D2 
20 Rough & Finish Dl MATERIAL 
30 Finish D2 
ko Face Body HARDNESS 
50 Drill 
60 Bore MACHINE 
N/C 70 Recut Center 
80 
OPERATION if 
10 20 30 ko 50 60 70 80 
d .75 — .062 - - 
.055 
.00( i ' 
D 14-.0 $.$ 2-k 5.5 1.125 1.2 
f 
.02 .02 .007 .02 .Ollj. .OOij. 
V 500 S?^ 600 600 ^ 100 
L 16.1 8.0 2.3 2.0 2.0 2.0 
e 1.75 .5 .25 ^ ^$ .25 
t 2.97 1.1 .378 .27 .86 3.5 f* 
r 100 100 100 100 
R Ik 18 k k • 
t 
*«- =3.2 min 
Uo  = 60 min 
XL e)   _ q.i min 
J.82(f.v) 
l/v    = ,l\.  min 
100 
D-24 
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SEQ. OPERATION: Long End PART # : 
10 RouRh D2 D.2I4. 
20 Finish Turn MATERIAL 
30 Pace Body 
ko HARDNESS 
50 
60 MACHINE 
N/C 70 
80 
OPERATION # 
10 20 30 ko 50 60 70 do 
d >2S .035 — • 
D 3.5 1.6 5.0 
f 
.02 .007 .02 
V 5oo 550 600 
L 37.0 5.3 2.0 
e 1.75 .25 ^ 
t 3.62 .6014- .014. 
r 100 100 100 
R 39 $^ I4..0 
* 
t 
^ =  5.1 min             ^T D<L e)   = k 
*-—'  3.82(f.v) 
Uu  = ^5 min              ^T D /     ,- , 
"> R/r = .5 min 
.26 min 
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SEQ. OPERATION: Short End PART U   : 
10 Rough Turn D2 D.2k 
20 Rough Turn D3 MATERIAL 
30 Finish Turn D2.D3 
ko Rough & Pii nish Dl HARDNESS 
50 Face Body 
60 Groove Ks.CHINE 
N/C 70 Chomfer 
80 
OPERATION i 
10 20 30 Uo 50 60 70 80 
d .25 .11*14. .072 .15 - - - 
D 3.5 1,3 1.3 5-2 5.0 1.6 
f 
.02 .02 .007 
.02 
.007 .02 .008 
V 500 $?-B 600 
525 
600 600 390 
L 28.0 3-0 5.75 10.8 5.1i 2.0 .3 
e 2.0 .5 »2$ 
.5 
.25 ^ — 
t 2.8 .11 -14-9 1.5 1.8 .214-5 .067 1.0 
r 100 100 100 100 100 100 100 
R 32 3.5 .5 2k 5.o- 3-0 3.0 
t 
tt _ 3.2 rain 
t,„ = 60 min 2' 
XL e)   _ 8 
J.82(f.v) 
t/r = .7 min 
,0 min 
103 
RWv^W^^ 
y^-^^^^^^^SS^ss 
D-103 HP 
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SEQ. OPERATION: Grooved End PART # : 
10 Rough Turn D2 D(103)H.P 
20 Rough & Finish Dl MATERIAL 
30 Finish Turn D2 
14-0 Face Body- HARDNESS 
50 Drill 
60 Rough & Finish Bo re MACHINE 
N/C 70 Recut center & chamfer 
80 Groove 
OPERATION # 
10 20 30 ko 50 60 70 80 
d 
.25 
.17 
.10 
.023 .062 - - 
- - 
- 
D 3.765 6.6 2.8 6.5 ik 1.3 - 1.9 
f 
.02 .02 
.007 .007 .02 .011+ 
.001+ 
.003 - .008 
V 
1+00 
500 
500 
600 550 600 5$ 100 - 391+ 
L 26.0 2.$ 2.6 2.0 3.0 2.62 - .3 
e 
.25 .25 .25 .25 .2S .25 - .2S 
t 
2.i> 
1.13 • 5k .1+2 1.38 
2.1|.5 
6.8 1.0 .10 
r 
100 100 100 100 100 100 100 100 
R 28 8 3.5 k 3 10 3 3 
t 
ti. = 7.85 min 
tsu  = 60 min 
y D(L e)  = 1 
^-— 3-82(f.v) 
^>" R/r r .62 m 
6.2 min 
in 
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SEQ. OPERATION: OPPOSITE END PART #   : 
P 10 Rough turn D2 D(103)H. 
20 Rough & finish Dl MATERIAL 
30 Finish turn D2 
14-0 Pace Body HARDNESS 
50 Chninfer 
60 MACHINE 
N/C 
70 
80 
OPERATION  # 
10 20 30 Uo 50 60 70 do 
d 
.2-.15 
.1 
.023 .062 - 
- 
• 
D 3-675 6.5 2.8 6.5 
f 
.o2 
.02 
.007 .007 .02 
V 500 600 600 600 
L 
25 3.0 2.$ 2.0 
e 
.25 .25 • 2$ .25 
t 2.I44 .5 -104- •kz .5 
r 100 100 100 100 100 
R 25 3.5 3.0 14..0 2.0 
t 
tt =   5*1 win 
tjw =r 60 rain 
'XT'   D(L  e)        _ ^ 
*—*  3-82(f.v) 
*^T  R/r    =    .37 mi 
8 min 
.n 
106 
SEQ. OPER  TION: PART  #   : 
3 
10 Drill 
LHXU^H . J 
20 Rough & fin ish bore MATERIAL 
30 Recut'center 
ko HARDNESS 
50 
60 MACHINE 
N/C 70 
60 
OPERATION  # 
10 20 30 il-0 50 60 70 tio 
d - 
D 1.25 1.65 1.1? 
f 
.011+. 
.007 
.001+. 
V $$ 
200 
100 
L 8.5 2k 2.5 
e 
.2$ .2$ 
t 3.6 
11.5 
2.6 .5 
r 
R 
* 
t 
tt =3.2 min 
t>su  —     - 
*\'   D(L  e)         _  x; 
*—->  3-82(f.v) 
S R/r    =   " 
5.0 min 
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Table  #1 
Slide  # 2\ 2B 3 1 
Dia in ^■e-s- 5.7" 17   6-5" b-T" I" 
R.P.K. 7ZO > ' ^ 3fao 720 560 060 360 
V ft/mil 509      ' i        615 5oS 613 boo 
P in/re' r         -02. 
•02 . 
•02 02 •02. 
L in Ifex2 
3" 
'fc" 3" 
/1 
3/2 
T   sec 58
"ife7" 
13" 
134." 25" 50" 
Loading 7 sec 
Travel /S*4 * /2x2 * 5* *«c 
Brake 2" sec 
Total 6/6 sec • 
Table  #  2 
Slide # 1 2 
Dia in 65" 6-5" v 
R.P.M. 270 2 70 
V  ft/mir 460 460
 293 
F in/re^ •02 •02 
L in 10"* 2 lo"« 4 
T sec 223" 446 
Loading 1        sec 
Travel /5x 3 ♦ I2tl -sec 
Brake 2-        *c 
Total 723"       Sc 
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